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Abstract

:

The increase in global environmental problems requires more environmentally efficient construction. Vernacular passive strategies can play an important role in helping reducing energy use and CO2 emissions related to buildings. This paper studies the use of glazed balconies in the North of Portugal as a strategy to capture solar gains and reduce heat losses. The purpose is understanding thermal performance and comfort conditions provided by this passive heating strategy. The methodology includes objective (short and long-term monitoring), to evaluate the different parameters affecting thermal comfort and air quality, and subjective assessments to assess occupants’ perception regarding thermal sensation. The results show that the use of glazed balconies as a passive heating strategy in a climate with cold winters is viable. During the mid-seasons, the rooms with balcony have adequate comfort conditions. In the heating season, it is possible to achieve comfort conditions in sunny days while in the cooling season there is a risk of overheating. Regarding indoor air quality, carbon dioxide concentrations were low, but the average radon concentration measured was high when the building was unoccupied, rapidly decreasing to acceptable values, during occupation periods when a minimum ventilation rate was promoted. Occupants’ actions were essential to improving building behavior.
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1. Introduction


1.1. Context


The construction industry is one of the largest and most active sectors of the world economy. Regarding the importance of this sector and its influence on sustainable development issues, several organizations set different goals to achieve more efficient construction. For example, the European Union (EU) is committed to developing a sustainable, competitive, secure, and decarbonized energy system setting a goal for reducing carbon dioxide (CO2) emissions by at least 40% by 2030 and by 80–95% until 2050, compared to 1990 values [1,2]. In parallel, it is intended to increase the proportion of renewable energy consumed and to improve Europe’s energy security, competitiveness, and sustainability [3].



According to Directive (EU) 2018/844, it is essential to ensure that measures to improve the energy performance of buildings do not focus only on the building envelope. It should also include all relevant elements and technical systems in a building, such as passive elements that can contribute to reducing energy needs for heating or cooling, as well as energy use for lighting and ventilation, and hence improve thermal and visual comfort [3].



Therefore, one of the ways to improve the sustainability of buildings is to reduce the importance of active systems and give higher priority to architectural form and passive systems [4,5,6]. Passer et al. [6] demonstrated that technical equipment has a significant influence on the life cycle environmental impacts of buildings. These authors also concluded that, on a life cycle assessment approach, passive buildings have the lowest impacts associated with mechanical equipment, mainly because they have reduced needs for mechanical ventilation and air conditioning systems [6]. The introduction of passive strategies in buildings from the design stage reduces the amount and the need for these types of systems [5].



In the context of passive techniques aiming to reduce energy needs, it is important to analyze vernacular architecture to understand the way vernacular buildings were shaped to suit local climate constraints. Additionally, the strategies that are now the basis of sustainable construction derive from aspects and characteristics of this type of architecture [7]. In these construction projects, strategies used to mitigate the effects of climate and ensure thermal comfort conditions are usually passive in operation, low in technology, and do not depend on fossil energy to operate, making them particularly suitable for contemporary building applications, mainly in the design of passive buildings. For this reason, vernacular architecture continues to be the subject of several studies whose findings seek to contribute to the development of a more sustainable built environment. Although these studies have been taking part around the world, they adopted similar methodologies and reported similar conclusions and limitations. These conclusions highlight that the use of vernacular techniques and local materials in the design of buildings, developed on the basis of the need for adaptation to a specific territory and climate, will contribute to the reduction of waste, energy use, and consequently carbon emissions, among other environmental impacts [8,9,10,11,12].



Additionally, the study and valorization of the vernacular buildings and the inherent knowledge will contribute not only to its preservation but also to the dynamization of local economies [13].




1.2. Vernacular Strategies and the Built Environment


In the past, due to the lack of active systems, buildings were built using passive strategies to reduce thermal discomfort. These strategies were based on available endogenous resources and design principles arising from local geographical characteristics [10,14]: insolation; orientation; topography; shape; and materials, among others.



The relationship between the built and the natural environments, well described by the mythological concept of Genius Loci, is of prime importance in the design of buildings and their thermal performance. As an example, it was not random how the North African houses and the North European houses were designed, or, in the Portuguese context, the differences between northern and southern interior residential buildings.



Regarding the thermal performance of vernacular buildings, several quantitative studies conducted in different parts of the world have shown that these buildings achieve acceptable levels of thermal comfort throughout most of the year using only passive strategies, in some cases with indoor temperature remaining stable [7,15,16,17,18,19]. In some of these studies, vernacular buildings performed better than contemporary buildings, although several of the building solutions adopted do not meet current thermal regulation requirements. These results support the idea that passive strategies are, in many cases, feasible for application in contemporary buildings and can contribute to the reduction of energy requirements for air-conditioning. The adequate response of vernacular solutions to climate constraints reveals the importance of local specificities for contemporary construction, in terms of sustainability and energy efficiency [11,12,20,21].



In this context, some authors, like Ascione, et al. [22] defend that the building orientation and its passive design can positively affect the energy and environmental performance of buildings. For instance, glazed balconies act as a sunspace (Figure 1) and are a vernacular design solution that can contribute to the thermal performance of buildings during the heating season, since the sunspace heats the adjacent rooms, not compromising the thermal behavior of the building during summer [23]. This technique also has great potential to be used in contemporary buildings to improve energy efficiency, as shown by the case of the rehabilitation of the residential complex of Dornbirn, in Austria. The option of introducing this type of solution in the south-facing facades has increased the floor area of the dwellings and significantly reduced the heating energy bill [24]. The operation of these balconies as a buffer space allows the simultaneous capture and trapping of solar gains and reduction of heat losses. By being physically separated from the interior spaces of the dwellings, in situations where heat gain is undesirable, the balcony space can act as a shading device and promotes natural ventilation [24].



The vernacular architecture strategies can contribute to improving the energy efficiency of buildings, whereas the local specificities should assume particular relevance. At a time of achieving high-performance buildings, defining the future of architecture and construction should seek to integrate tradition with modernity, at a crossroad that unites the best of today’s technological potentialities with traditional materials and techniques [4].




1.3. Aim of This Research


The study of Portuguese vernacular architecture based on in situ measurements that allow a comprehensive demonstration of the effects of vernacular passive strategies on thermal performance is still lacking. In Portugal, there are only a few quantitative studies [25,26,27,28] focusing on passive strategies and their contribution to the thermal performance of buildings.



Analyzing the state-of-art for the specific context of vernacular buildings with glazed balconies, it is possible to verify that there are no quantitative studies developed so far on their thermal performance. Thus, this study aims to contribute to the development of this field of research by analyzing the thermal performance of a vernacular building with a glazed balcony, located in Northern Portugal (region of Beira Alta), considering the thermal comfort standards, and analyzing how the glazed balcony technique suit the local conditions. To fulfil this goal, the study consists of assessing the hygrothermal parameters that characterise the indoor thermal environment and that affect the occupants’ thermal comfort conditions.



The number of existing vernacular buildings with glazed balconies identified in the Survey on Portuguese Popular Architecture [29] is decreasing, and it is becoming increasingly difficult to find this type of building in good condition. Therefore, this study intends to demonstrate the potential of this passive technique on improving the indoor environmental quality and reducing the energy needs of buildings. Presenting quantitative data about the thermal performance will contribute to a better understanding of this type of buildings and about the contribution of glazed balconies in maintaining indoor temperatures within the comfort range. This research will also contribute to the preservation of this type of building and their related knowledge.





2. Materials and Methods


To assess indoor thermal performance, in situ assessments were divided into short and long-term monitoring. In these assessments, the hygrothermal parameters that characterize the indoor thermal environment and that affect the body/environment heat exchange (air temperature, relative humidity, mean radiant temperature, and air velocity) were measured. The measurements were carried out from the autumn of 2014 to the summer of 2015.



2.1. Short-Term Monitoring


Short-term monitoring was carried out at least one day per season and consisted of objective measurements and subjective evaluation:




	
Objective measurements had the purpose of quantitatively assess the thermal comfort conditions in a room using a thermal microclimate station (model Delta OHM 32.1) that measures air temperature, relative humidity, mean radiant temperature, and air velocity (Table 1), in compliance with standards ISO 7726 [30], ISO 7730 [31], and ASHRAE 55 [32]. The location of the equipment is chosen according to occupants’ distribution in the room and in the rooms where occupants stay for more extended periods. The measurements were performed considering that the occupants were seated, as recommended in ASHRAE 55 [32]. The data recorded in these measurements was used to determine the operative temperature (the analysis procedure is explained below in this section).



	
Subjective evaluation was carried out to assess the occupants’ perceived indoor environment quality, using surveys. The case study building is occupied by two persons, which comfort level was surveyed. The survey was based in the “Thermal Environment Survey” from ASHRAE 55 [32] and was used to determine occupants’ satisfaction according to ASHRAE thermal sensation scale.









2.2. Long-Term Monitoring


Long-term monitoring was carried out to measure the indoor and outdoor air temperatures and relative humidity throughout the measurement period. For this, thermo-hygrometer sensors were installed in the most representative rooms and outdoors (Table 1). The measurements were carried out during different monitoring campaigns for all seasons, in compliance with specified procedures and standards (ISO 7726 [30], ISO 7730 [31], and ASHRAE 55 [32]). The monitoring campaigns were carried out for periods of at least 25 days and with the sensors recording data in periods of 30 min. Results on indoor environmental parameters were correlated with the outdoor parameters. During the measurement period, occupants filled an occupancy table where they recorded how they used the building, i.e., if they used the heating or cooling systems and promoted ventilation, among other effect. These occupancy records were useful to understand, for example, sudden changes in air temperature and relative humidity profiles. Local weather data was collected from the nearest weather stations.




2.3. Model of Thermal Comfort


An adaptive model of thermal comfort was used in the analysis of thermal comfort conditions since this is the adequate model for naturally conditioned buildings. The chosen model was the Portuguese adaptive model of thermal comfort, to be more representative of the Portuguese reality [33]. This model is an adaptation to the Portuguese context of the models specified in standards ASHRAE 55 [32,34] and EN 15251 [35]. It considers the typical climate and ways of living and how buildings are conventionally designed and used. According to this model [33]: (i) occupants may tolerate broader temperature ranges than those indicated for mechanically heated and/or cooled buildings; and ii) the outdoor temperature has a strong influence on occupants’ thermal perception/sensation.



In the application of the proposed model to the case study, the following conditions were assumed: (i) the occupants have activity levels that result in metabolic rates (met) ranging from 1.0 to 1.3 met (sedentary activity levels); (ii) occupants are free to adapt their clothing for thermal insulation; (iii) air velocity below 0.6 m/s; (iv) indoor operative temperature between 10 °C and 35 °C; and (v) outdoor running mean temperature between 5 °C and 30 °C. The building has no air-conditioning system, or its use is sporadic, and, therefore, in the analysis of the case study, the adaptive model for building without mechanical systems was applied.



Considering that an individual takes approximately one week to be fully adjusted to the changes in outdoor climate, the thermal comfort temperature (indoor operative temperature, Θo) is obtained from the exponentially weighted running mean of the outdoor temperature during the last seven days (outdoor running mean temperature, Θrm). The calculation of the exponentially weighted running mean of the outdoor temperature in the previous seven days is done using Equation (1).


Θrm = (Tn−1 + 0.8Tn−2 + 0.6Tn−3 + 0.5Tn−4 +0.4Tn−5 + 0.3Tn−6 + 0.2Tn−7)/3.8



(1)




where:




	
Θrm (°C)—exponentially weighted running mean of the outdoor air temperature;



	
Tn−i (°C)—outdoor mean air temperature of the previous day (i).








In this model, two comfort temperatures ranges are defined, one to be applied in spaces with active air-conditioning systems and the other in non-air-conditioned spaces (which do not have air-conditioning systems or systems which are turned off). The operative temperature limits defined in this model are for 90% of acceptability, these limits are up to 3 °C above or below the estimated comfort temperature both for non-air-conditioned spaces (Θo = 0.43Θrm + 15.6) and air-conditioned spaces (Θo = 0.30Θrm + 17.9).



The operative temperature was calculated based on the results obtained in the measurements from the thermal microclimate station. With the operative temperature (Θo) and the outdoor running mean temperature (Θrm) is possible to represent in the adaptive chart, the point that characterises the thermal environment condition in the moment of measurement.





3. Description of the Case Study


3.1. Site and Climate


The case study is located in the old village of Granja do Tedo, in the municipality of Tabuaço, district of Viseu, Northern Portugal (Figure 2). The Granja do Tedo territory has an ancient history, with a rich medieval past and some archaeological remains dating back to the Romans (as the bridge over the river Tedo) [36]. The village is strategically implanted in the lower part of a valley, next to the confluence between the river Tedo (that flows to the river Douro) and of other two streams. The village is divided by the river in lower and upper parts (Figure 3). The implantation favours a good solar exposure from south (particularly in the upper part of the village located on a south-facing slope), and the surrounding mountains offer protection against the wind (Figure 4). The implantation in the valley also provides a more favourable microclimate, warmer than the one of the higher areas of the territory. Nearby, the available soils are good for agriculture [37]. At a geological level, the area is dominated by granitoids of different types and ages (Figure 5), confirming the abundancy of this resource and its use in the village as the primary building material [38].



The village has a compact urban layout with narrow and winding streets, and most of the built area is implanted on a rocky massif (Figure 2 and Figure 3), sparing the fertile agriculture land near the watercourses.



The village is mostly composed of two- and three-storey buildings, where the ground floor is commonly used to store goods and/or livestock, and the upper floors are for human occupancy. The wooden balconies (open or glazed) are frequent in the village. Due to sun exposure these were spaces used to dry grains and fruits and also for sewing. Additionally, like other constructions in regions with cold winters, buildings have very few and small openings to avoid heat losses. The compact layout and form also allow for reducing heat losses through the building envelope.



The Douro Valley region has a temperate climate—Type C, according to Köppen–Geiger Climate Classification, co-existing the sub-types Csa (temperate with hot and dry summer) and Csb (temperate with dry or temperate summer) (Figure 6a) [39]. Granja do Tedo is located in a narrow valley connected to the river Douro valley, and in the transition between the two climate subtypes [39]—The Csa in the valley and the Csb in the higher altitude areas. The annual average mean temperature is of 17.5 °C. The average mean temperature in winter is of 10.0 °C, while in summer is between 22.5 and 25.0 °C (Figure 6b,c) [39]. Winter is the harshest season in this area. Excluding the valley, the mean temperature in winter is of 7.5 °C. The average maximum air temperature in winter varies between 12.5 and 15.0 °C, while the average minimum air temperature is of 5.0 °C [39]. In winter, there are 10 to 20 days with a minimum temperature below or equal to 0 °C (Figure 6d), whereas the surrounding area has around 40 days [39].




3.2. Building


The selected case study is a representative glazed-balcony building of Northern Portugal vernacular architecture [29], presenting a set of strategies to promote heat gains and reduce heat losses. The construction date is unknown, but considering the ages of neighbour buildings, and according to the owners, the case study is probably from the 18th century.



The building is a semi-detached single-family house, integrated into the urban mesh (Figure 7). It has an irregular floor plan and the main façade with the balcony is facing southwest, while the others are facing northeast, southeast, and west (Figure 8). As other constructions in regions with cold winters, and apart from the balcony that has the purpose of harvesting solar gains, the building has only two windows to avoid heat losses (one at the west, facing the street, a small one facing southeast and none at the north quadrant). The gross floor area is of approximately 50 m2 divided into two floors.



The building was renovated in 2005. During this intervention, some changes were introduced in the layout and use of some rooms. Some improvements were also implemented, such as the installation of a bathroom, renovation of windows and doors, the ground floor was paved, renovation of the timber balcony structure, and fitting thermal insulation to the ceiling. In the renovation, the ground floor was converted into a kitchen and living room (Figure 9a), and the upper floor layout was reorganized to accommodate two bedrooms and a bathroom (Figure 9b). In this modification of the floorplan, the partition wall of the balcony and other walls were removed to increase the floor area of the bedrooms and bathroom (Figure 9c).



The building envelope consists of granite walls (50–55 cm thick) with a pitched roof, wooden doors, and wooden framed single glazed windows. Indoors, the partitions walls in tabique (earth-filled timber frame walls) were replaced by plasterboard walls. The ground floor is now paved with ceramic tiles, and the upper floor has a wooden floor with timber structure. Table 2 lists the thermal transmittance coefficient (U-value) of the building envelope. The building has no cooling system, and the heating system is a closed wood-burning fireplace (Figure 9d).




3.3. Passive Strategies


In the inland northern part of Portugal, to respond to a climate of harsher winter conditions and milder summers, vernacular architecture developed specific mitigation strategies. These had, in general, the purpose of increasing solar gains and reducing heat losses during winter, like the ones found in this case study:




	
Balconies are an architectonic feature and identity of Northern Portugal vernacular architecture. It has to be taken into consideration that most of these buildings had low daylight levels and comfort conditions. Therefore, balconies were spaces used to enjoy the sun, work with daylight, and to heat the adjacent spaces, particularly on sunny winter days. The glazed balcony is an improved version of a balcony, that acts as a sunspace, allowing to harvest solar gains and reduce heat losses (Figure 9c). In the case study, the larger area of the balcony is facing southwest, with parts facing southeast and west. Therefore, in winter, the balcony is exposed to a higher solar radiation level during a larger number of sunshine hours. Although this strategy is aimed for the heating season, the cantilevered volume of the balcony and the possibility to keep windows open without compromising security also allows proper operation during the cooling season (Figure 9e), by shading the walls and promoting natural ventilation (Figure 10);



	
To reduce heat losses, only a few windows (upper floor) face directly outdoors. In the original configuration of building, the balcony acted as buffer space and only some indoor rooms connected directly to the outdoors (Figure 9c); additionally, and although it was not possible to verify if it was the case of this building, sometimes to reduce heat losses by ventilation, buildings did not have chimneys and the exhaust of smoke was done through the roof, as it is still visible in a neighbouring building (Figure 9f);



	
The use of high thermal inertia building elements, namely the massive granite walls and the massif rock where the building is laying, gives the building the capacity to stabilize indoor temperature;



	
The functional arrangement of the indoor spaces in this type of buildings (as it was the case of this building before the renovation), can also reduce the heating needs. In this type of architecture, bedrooms rarely had exterior windows and were located next to the kitchen, taking advantage of the heat generated by the fireplace;



	
The storage of the livestock on the ground floor was also a heating strategy. After the renovation, this strategy is mimicked by the closed wood-burning fireplace;



	
The organic and compact urban layout, suited to the topography, can also be considered a passive strategy since the compactness of constructions allows to minimize the area of the envelope exposed to outdoor conditions and therefore reduce heat losses. The narrow and winding streets allow reducing wind speed, and in some places, the streets form small ‘public-patios’ sheltered from the prevailing winds (Figure 2 and Figure 3).








The combination of all these passive strategies has the main purpose of achieving the better possible indoor thermal comfort conditions. The range of strategies highlights the poor living conditions and the need to understand and use the available resources the best way possible.



The dissemination of the abovementioned strategies in the region highlights their usefulness in mitigating the effects of the cold climate, as shown in previous studies [26,27]. Therefore, the quantitative study of the effectiveness of these passive strategies, particularly of the glazed balcony, and their effect on the thermal performance is useful to the discussion about the energy efficiency of buildings in this region. This is described and discussed in the following sections.




3.4. Occupancy Profile


It is essential to know the building occupancy profile since the daily occupants’ habits have a direct influence on the thermal performance of the building [32]. The studied building is a holiday house, mainly used for weekends and holidays. During the summer period (vacations), it is occupied continuously during one or two months. The building is only used sporadically during the remainder of the year. Table 3 summarizes the main activities reported by the occupants (during the occupancy period) that may influence the thermal performance of the building. It is important to note that the building was unoccupied during most of the winter monitoring period.





4. Results and Discussion


4.1. Thermal Monitoring and Indoor Comfort Evaluation


The thermal performance monitoring included the assessment of the air temperature and relative humidity. Additionally, the indoor comfort conditions in the main rooms of the case study were characterized. These parameters were evaluated over one year, and data here presented are for 30 representative days of each season.



4.1.1. Autumn


During Autumn monitoring (from 8th November to 8th December 2014), the outdoor mean air temperature was of about 10.6 °C (Table 4). The daily maximum and minimum outdoor air temperatures had some variations during the monitoring period. In the second half of the monitoring period, starting from 23 November (Figure 11), these variations were more frequent and significative.



Figure 11a shows that indoor temperature remained stable in the rooms with a smaller glazing area, with a mean temperature of 12.1 °C in the living room/kitchen and 11.5 °C in the bedroom (Table 4). The reduced glazed area and the high thermal inertia of the building envelope allow stabilization of the indoor temperature in these rooms. On 7 December, when the outdoor temperature reaches a minimum value of 1.2 °C, it is possible to observe how building occupants can take correcting measures to improve the indoor thermal comfort conditions. The increase of the indoor temperatures in the living room/kitchen and bedroom (Figure 11a) is due to the use of the heating system (closed wood-burning fireplace). According to Table 4 and Figure 11a), in these rooms, the maximum temperatures were always below the comfort temperature range.



In the rooms where the glazing area is predominant, bedroom/balcony and bathroom, it was observed that the indoor temperature was not stable as it is strongly dependent on the outdoor climate conditions. The maximum temperature recorded in the bedroom/balcony was of 18.9 °C while in the bathroom was of 16.4 °C (Table 4). In these rooms, during the day, the indoor temperature followed the trend of the outdoor temperature (Figure 11a). The temperature profiles in both rooms were quite similar, but since the bedroom/balcony has a larger glazed area than the bathroom, it presented higher temperatures. The bedroom/balcony had the highest indoor temperature throughout the monitoring period, reaching temperatures close to the comfort threshold temperature. These results highlight the effect of the glazed balcony as a strategy to capture solar gains.



Concerning the outdoor relative humidity, it was found that there was a high daily variation, reaching values of around 90% during the night and lower figures of 32.3% during the day (Table 4). The average outdoor relative humidity value was also high, being 84.1% during the monitoring period (Table 4). In contrast, almost all indoor rooms had stable relative humidity profiles with small daily variations. The exception was the bedroom/balcony, where the fluctuations were slightly higher than the other rooms, due to higher solar radiation, but much lower than the variations outdoors. The indoor relative humidity values were high (about 70–80%), higher than those recorded outdoors during the day, but smaller than those verified outdoors during the night. The reduced ventilation rate of the rooms, due to the lack of occupancy, might be the main reason for the high indoor relative humidity levels. During the occupancy period (from 7 to 8 December, 2014) there was a slight decrease in the relative humidity level in the living room and bedroom (Figure 11b) due to the use of the heating systems. However, due to the low outdoor temperatures, the ventilation was minimized to reduce heat losses.



Regarding the assessment of the thermal comfort, the measurements in the living room/kitchen and bedroom/balcony were carried out when the heating system was not used. The influence of the curtains on the thermal comfort in the bedroom/balcony was also evaluated. In autumn and without the use of the heating system, the results showed that the thermal comfort conditions in the living room/kitchen were below the lower comfort limit (Figure 12a). In the survey, the two inhabitants answered as being “slightly cool” (1.0 met; 0.91 clo) and one as being “cool” (1.0 met; 0.95 clo), confirming the objective measurements. In what concerns the assessment of the thermal comfort conditions in the bedroom/balcony, it was possible to verify the influence of the glazing area. In this room, when the curtains were closed, the comfort conditions were within the thermal comfort limits, but close to the bottom threshold (blue dot in Figure 12b). In the survey, the two occupants answered as being ‘neutral’ (comfortable) (1.0 met; 0.91–0.95 clo), i.e., results were in line with the objective assessment. When the curtains were open, the solar gains increased the operative temperature, and thermal conditions were above the upper thermal comfort threshold, showing an overheating period (red dot in Figure 12b).




4.1.2. Winter


The winter monitoring was carried out between 27 December 2014 and 27 January 2015. In this period, the minimum outdoor temperature was very low, reaching a minimum value of −4.0 °C (Table 5), being around 0 °C most of the days. The maximum outdoor temperature reached 20.9 °C (at the end of the monitoring period), and mean temperature did not exceed 4.6 °C.



From the analysis of Figure 13a, it is possible to conclude that the living room/kitchen and the bedroom (the rooms with smaller glazed area and not in contact with the glazed balcony), showed a stable profile with low daily thermal variation and a mean temperature of 6.0 °C and 6.4 °C, respectively (Table 5). Beyond the reduced glazed area, the thermal inertia of the envelope is the main reason for this steady behavior. The fact the building was not occupied during this period of the monitoring campaign explains the lower temperature values and their uniformity during the period, since there was no human action to achieve thermal comfort conditions (i.e., active heating to increase the indoor temperatures). Although considerably below the comfort limits, even in a free-running mode, it has to be highlighted that indoor mean temperature was always higher than outdoors.



Both in the bedroom/balcony and the bathroom, it was observed that temperature profiles were not stable and followed the outdoor temperature variation during the day (Figure 13a). The maximum indoor temperature recorded was of 15.7 °C in the bedroom/balcony and 12.8 °C in the bathroom, both in days with higher outdoor temperatures. Due to the large glazed area of the balcony, the effect of sunny days is visible in temperature peaks close to the thermal comfort boundary, even with this strategy not being used with full potential, since the opaque curtains were closed and therefore part of solar radiation was reflected. Consequently, in days with more incident radiation and if the curtains were open, it was expected that temperature would reach or be much closer to the comfort boundaries (similar to the condition measured during autumn and shown in Figure 12a, where active heating was only necessary as a backup). Nevertheless, there is also a drawback resulting from the greater glazed area, since these rooms also have more heat losses and therefore the minimum temperature recorded is lower than in the ground floor (Table 5). Moreover, the lack of thermal mass to store the heat gained during the day is a disadvantage, since the rooms have lightweight wooden floor and walls (as the original earth-filled timber frame walls—tabique—were replaced by plasterboard walls).



Considering that the glazed area is an important strategy to harvest solar gains, it was expected that these rooms had temperatures close to the comfort conditions, but mean temperature during the monitoring period was very low (7.4 °C) (Table 5). The non-occupation of the building and the use of the internal shading curtains during all monitoring period are the aspects that explain this behaviour.



Additionally, the temperature differences between ground and upper floors show how well the functional distribution of the rooms was before the building renovation. Originally, the ground floor was designed for storage and not for human occupancy, and in that case the stable and warm temperatures were an advantage.



The outdoor relative humidity had significative daily variation, reaching values close to 96% during the night and a minimum of 14.7% during the day (Table 5). The average relative humidity of 77.8% is also high (Table 5). In general, the rooms have stable relative humidity profiles with little daily fluctuations. Rooms with smaller glazing area are the ones with the most stable temperatures. The bedroom/balcony showed the highest daily variation among the studied rooms, of about 8.0%, being most of the monitoring period between 60 to 70%.



Regarding the assessment of the thermal comfort (Figure 14), the measurement of the thermal environment conditions was performed during a typical winter day, in the bedroom/balcony and in the living room/kitchen. In the living room/kitchen, the analysis was carried out for two situations: (i) when the heating system was not in operation (Figure 14a); and (ii) when the heating system was in operation (Figure 14b). Results showed that when the heating system was not in operation the thermal environment was very uncomfortable (Figure 14a). The influence on the thermal comfort of using the closed wood-burning fireplace is quite evident, since when the heating system was in operation, the living room/kitchen had a comfortable thermal environment (Figure 14b). In the survey, the occupants also expressed their thermal sensation for the same two situations. When the heating system was not in operation, one occupant (1.0 met; 1.48 clo) answered as being “cool” and the other (1.0 met; 0.92 clo) as being “cold”. When the heating system was in operation, one occupant (1.0 met; 1.48 clo) answered as being “neutral” and the other (1.0 met; 0.92 clo) as being “slightly cool”. These results confirm the ones from the objective measurements. The differences between the answers of the two occupants are related to the different clothing insulation levels, which influenced their thermal sensation.



In the bedroom/balcony, the measurements were carried out only when the heating system was not in operation. The thermal comfort conditions in this room were outside the comfort boundaries (Figure 15). Although the operative temperature was outside the comfort limits, it was very close to the lower comfort threshold. It is likely that the regular building occupation and, consequently, the appropriated use of the glazed balcony, would lead to an operative temperature within the comfort limits. It must be stressed that during the measurements, the sky was cloudy and thus solar gains were very low. In the survey, the two occupants answered as being “slightly cool” (1.0 met; 0.92–1.48 clo), which confirms the objective measurements.




4.1.3. Spring


During this monitoring campaign (carried out from 14 April to 14 May 2015), the outdoor mean air temperature was of about 16.0 °C, the maximum temperature was often below 20.0 °C, and the minimum values varied between 5.0 °C and 10.0 °C (Table 6 and Figure 16). The outdoor air temperatures had significative daily variations during the period, with maximum and minimum values having a slight increment in the last days of the period (Figure 16). The maximum temperature recorded was 34.2 °C, while the minimum was below 4 °C (Table 6).



In the spring, it was observed a relevant difference between the indoor air temperatures of the rooms located on the ground floor and those on the upper floor. Concerning the ground floor, the living room/kitchen had a very stable indoor temperature during the monitoring period, with a mean air temperature of 15.2 °C (Table 6). In the upper floor, it was observed that the indoor temperature was less stable, particularly in the rooms in the glazed balcony. The increase in the outdoor temperature and the number of hours of solar radiation had a strong influence on the temperature of these rooms. The bedroom had a more stable temperature profile, since it has fewer solar gains through the windows and higher thermal inertia due to the granite walls. The bedroom/balcony had the highest indoor temperature in the building during the monitoring period. The maximum temperature in the bedroom/balcony always remained below the outdoor temperature, since during the monitoring period, the curtains were closed. Nevertheless, from May onwards, when the outdoor temperature begins to rise, closing the curtains is the right decision to reduce solar gains. However, since the glazed area is protected by an inside shading device (opaque curtains), it is difficult to avoid overheating both in the bedroom/balcony and in the bathroom, as shown in Figure 16a).



Regarding the outdoor relative humidity, it was found that there is a high daily fluctuation, reaching values near 93% during the night and minimum values of 11.3% during the day (Table 6). Indoors, the values were stable, with daily variations around 10%. The bedroom/balcony and the bathroom showed higher daily variation, and the mean relative humidity was of around 60% (Table 6). The relative humidity is within the recommended levels for human health and comfort [35]. The living room/kitchen and the bedroom also had a very stable relative humidity profile, with mean values around 70% (Table 6).



The thermal comfort assessment was carried out both in the bedroom/balcony and the living room/kitchen, without the heating system in operation. From the analysis of the adaptive comfort charts, it is possible to conclude that the thermal comfort conditions in the living room/kitchen are below the lower comfort limit (Figure 17a), even with an operative temperature of 18.9 °C and an outdoor running mean temperature above 20 °C. The low heat gains and mainly the high thermal inertia of the envelope are the main factors affecting these results. In the survey, the two occupants (1.0 met; 0.44–0.58 clo) answered as being “slightly cool”.



In contrast, the bedroom/balcony had a thermal condition within the comfort range. The operative temperature was higher than in the ground floor due to the heat gains provided by the glazed balcony. In the comfort survey, the two occupants (1.0 met; 0.44 and 0.58 clo) answered as being “neutral”, which confirms the measurements.




4.1.4. Summer


The summer monitoring was carried out from 18 July to 18 August 2015. In this period, the mean outdoor temperature was of 24 °C, there was a high daily thermal amplitude, with several days reaching most of the time maximum values around 35.0 °C (and a peak of 39.1 °C), and minimum values around 15.0 °C (Table 7).



From the analysis of Figure 18, it is possible to conclude that the living room/kitchen had the most stable temperature profile, with a mean temperature of 24.1 °C (Figure 18 and Table 7). This is due to the higher thermal inertia and lower direct solar gains of the room. As mentioned before, this room was initially for storage and thus, during summer, it had the advantage of keeping the temperature stable. In its current use, during summer it is the room with the best thermal comfort conditions.



In the upper floor, the bedroom is the room with the most stable air temperature profile with slight day to night temperature variations (usually around 3 °C). The reason for the small differences in this room can be related to the higher thermal inertia than the other rooms in the upper floor. Nevertheless, when it was unoccupied, and therefore without ventilation, the maximum air temperature in this room was around 30 °C.



Regarding the rooms in the balcony, as in the seasons previously presented, it was observed that the indoor temperature had significant daily variations. In these rooms, indoor temperature follows the outdoor temperature profile during the day (due to both solar gains and heat losses through the glazing area). The minimum mean indoor temperature stabilizes around 25 °C, while the minimum outdoor temperature was usually 10 °C lower (Table 7 and Figure 18). The larger glazed area of these spaces, facing southwest, is the reason for these rooms having higher temperatures due to the solar gains.



In this season, the building was occupied during the entire month of August. From the moment the building began to be occupied, it was expected that the promotion of natural ventilation would change the indoor temperature profile, but this is not noticeable in the graphs (Figure 18a). The maximum temperature in the rooms remained similar (Figure 18a) since the flow of warmer air from the outdoors into the building during the day does not favor its cooling. On the other hand, during the night, the minimum temperature slightly dropped due to the ventilation since the outdoor air temperature was lower during the night. During the occupation period, the inhabitants closed the curtains during the morning to avoid solar gains (usually until 2 p.m.). However, since there are no external shading devices in addition to the fact that windows were kept open for ventilation, it is difficult to control the solar gains through the glazed area of the balcony.



Nonetheless, the airflow in the building can improve occupants’ thermal sensation by increasing convective heat losses from their bodies. The most-recommended solutions to avoid solar gains in the cooling season are to use an external shading device and to use night ventilation to remove diurnal thermal loads. At this point, it is worth mentioning that if the balcony had its original configuration (i.e., if it was a space separated from the indoor rooms by a wall) it would influence in a very positive way the thermal behavior of the building during this season. The reasoning for this is that it would act as a buffer space between outdoor and indoor rooms and would work as a shading device of the openings that existed in the demolished wall.



Regarding the outdoor relative humidity, it showed significant daily variations, with maximum values around 70–80% and sometimes near to 90% during the night, and minimum values varying from near 40% to minimum values of 14% during the day (Table 7). The mean value is of around 55% (Table 7). The indoor relative humidity has lower daily variations, being relatively stable (Figure 18b). The rooms with the most stable relative humidity profiles are the living room/kitchen and the bedroom. In general, the relative humidity decreases during the day due to the warmer dry air and increases during the night due to the cooler outdoor humid air that flows into the building. This is particularly visible in the rooms with the balcony, where daily variations are higher.



The period of occupation (starting on 4 August) influenced indoor relative humidity profiles, increasing the daily humidity variation, even in rooms with stable profiles. This reduction in relative humidity values is related to the ventilation and circulation of hot air from outdoors. The relative humidity slightly raised during some rainy days and then decreased again.



In the thermal comfort assessment, the living room/kitchen and the bedroom/balcony showed a thermal environment within the comfort range (Figure 19a). The operative temperature in the living room/kitchen is more stable due to the higher thermal inertia, and therefore this room had a better thermal condition during the summer. The results of the survey confirmed the measurements, since the two occupants (1.0 met; 0.27–0.43 clo) answered as being “neutral”.



In the bedroom/balcony, the operative temperature was close to the upper comfort limit, mainly due to the solar gains through the glazed envelope (Figure 19b). In the survey, one occupant (1.0 met; 0.43 clo) answered as being “slightly warm” and the other (1.0 met; 0.27 clo) as being “neutral”. The difference between the answers is mainly related to different clothing insulation levels.





4.2. Indoor Air Quality Monitoring


4.2.1. Carbon Dioxide Concentration


In this section, the carbon dioxide (CO2) concentration in the case study is evaluated and classified according to the categories defined by EN 15251 [35]. The CO2 concentrations were measured in different rooms during a representative day of each season. During the winter, the measurements were carried out in two situations, i.e., with and without the closed wood-burning fireplace in operation, to verify the influence of the fireplace use in the CO2 concentrations. From the measurements, it was verified that the use of the fireplace slightly increased the CO2 concentrations, but they did not exceed the design values for category I (high level of expectation) (Table 8). The small differences between outdoor and indoor carbon dioxide concentrations are due to the low occupation density of the building, to the natural ventilation and infiltration rate, and to the efficiency of the closed fireplace exhaust system. In the records, two values correspond to category III. A possible explanation for this situation is that those two rooms were closed until the beginning of the measurements, and therefore the CO2 concentrations were higher. Although the case study is an old building, the results showed that the CO2 concentrations are, most of the time, within the boundaries of the most demanding category.




4.2.2. Radon Gas Concentration


The concentration of carbon dioxide is a good indicator of air quality in buildings where occupants are the main source of pollution. However, since the building is located on a granitic area, it is also necessary to measure the radon gas concentration [42]. Radon—without color, odor, or taste—results from the decay of the radium and is found in rocks and soils, as in the granitic massif where the building is located. Its infiltration in buildings generally takes place through the foundations. The high concentration of radon in the environment has health risks, since the element is lodged in the lungs by inhalation and its main effect is the lung cancer (risk potential increases in about 16% for each 100 Bq/m3 in long-term average radon concentration) [43]. According to the World Health Organization (WHO), radon is the second leading cause of lung cancer, after smoking in smokers, and the first among those who have never smoked [43]. Directive 2013/59/EURATOM [44] states that the reference level for the annual average concentration of activity in the air should not exceed 300 Bq/m3 per year in new construction homes and workplaces, whose approximate equivalence is 10 mSV annual, according to recent calculations by the International Radiological Protection Community [44]. In the Portuguese context, and according to national legislation [42], it is mandatory to study and measure the concentrations of radon in granitic sites, as the one where the case study is located.



In the case study, the concentration of radon was measured during the heating season, when the ventilation rate was lower. The living room/kitchen was the room chosen for the measurements since it has the lower ventilation rates, has granite walls, is located in the ground floor, and it sits on a granitic massif. The measurements took place during 28 days, with integration periods of 10 min, started after a period of stabilisation of the radon sensor (about 60 days). Figure 20 shows the results of the measurements. It is possible to see an irregular distribution of values with several peaks. The peaks in the radon concentration are considerably above the maximum defined by the Portuguese law (400 Bq/m3) [42], with a maximum of 2660 Bq/m3, and an average concentration of 1432 Bq/m3. Although the concentration of radon was high, it has to be taken into consideration that the building was unoccupied most of the time and thus had low ventilation rates.



During a short period of occupation, 7 and 8 December, even with low ventilation rates (windows and doors were only open sporadically), as it was winter, the concentration of radon sharply fell to values below 300 Bq/m3, as recommend by the Directive 2013/59/EURATOM [44]. Although the air change rate of the case study building was not measured, results show that the way the occupants use the building is sufficient to maintain the radon concentrations within the mandatory values. Therefore, ventilation must not be neglected in this type of buildings, particularly after renovations when the airtightness of the envelope increases due to the replacement of windows and doors, and no other measures are implemented to mitigate the ingress of radon into the building. In buildings located in granitic areas, it is necessary to maintain a minimum hourly air change rate to remove radon or to renovate the ground floor, by introducing, for example, a waterproofing membrane that does not allow the flux of radon gas from the ground to the indoor environment. In the renovation of this case study, measures to prevent the ingress of radon gas into the building were not introduced and therefore ventilation is the only way to control the radon gas concentration.





4.3. Conditions and Limitations of the Study


The outcomes of this study are based on the analysis of the annual thermal behavior of just one case study, since in this region of Portugal it was not possible to identify other case studies in good conservation conditions or that are still occupied. Nevertheless, this building is representative of the typical glazed balcony vernacular buildings of Northern Portugal and Spain, and has the typical functional organization of this type of house, with the ground floor used to store goods and/or livestock (coldest part of the building) and the occupied area on the first floor (part of the house with higher solar gains and comfort levels). In the case study building, the glazed balcony is the focus of the study, and it is representative of this type of architecture, due to its size and orientation. Additionally, the case study was refurbished and therefore presented good conditions to carry out the research.



Since it was the only case study available to evaluate, it was not possible to statistically analyze and compare the behavior of this building with similar ones in the same region.



The results presented are specific to this zone due to the particular type of climate. Nonetheless, the benefits of the glazed balconies can be extrapolated to other areas with similar climates and not only to buildings with similar characteristics.



Another limitation of this study is the fact that the building is a vacation house that is only used during weekends and holidays. Since this building is mainly used for short periods, especially during winter, it is possible that some of the inhabitants’ potential actions to improve the indoor environmental quality were not fully addressed.





5. Conclusions


The results of the research work presented showed the viability of using glazed balconies as a passive heating strategy in a climate with cold winters. This type of building is common in the North of Portugal, in the North of Spain, and in other regions where passive principles (as the glazed balcony) are implemented in buildings to increase solar gains during the heating season.



The glazed balconies act as a sunspace, increasing the contribution of solar gains in the maintenance of the thermal comfort conditions during the heating season. In Portuguese vernacular architecture, these elements are normally well oriented, and there is a proportional relationship between their dimensions and the ones of the adjacent rooms. Glazed balconies are always on the upper floors, for better sun exposure, and are adjacent to living spaces (usually living rooms and bedrooms).



During occupation period of the mid-seasons, the rooms in the balcony had adequate comfort conditions, since the occupants can easily control the solar gains using the shading system (opaque curtains). Not controlling the solar radiation increases the risk of overheating periods, as seen during autumn (when the building was not occupied).



In winter, the results showed that it is difficult to achieve adequate thermal comfort conditions without an active heating system. Nevertheless, during the thermal comfort assessment, performed on a cloudy day, the operative temperature was close to the lower limit of the thermal comfort range. Even when the building was in free-running mode, that was the case for most of the monitoring period, during sunny days and even with the solar shading active, it was possible to verify that the indoor air temperature increases considerably.



During summer, the results showed that the thermal comfort conditions are within the comfort limits, but with some risk of overheating. The use of an external solar shading device will be more effective to reduce the risk of excessive solar gains and overheating during summer than the existing curtains.



From the results presented, it was possible to compare periods with and without occupation, which highlights the importance of the occupants’ actions in optimising the solar gains through the glazed balcony and, therefore, regulate their comfort conditions by activating/deactivating solar shading and promoting natural ventilation (useful to remove air pollutants and heat loads—particularly during night-time).



Since the glazed balcony is the main passive strategy in this building, it is important to note that by removing the partition wall between the glazed balcony and the other rooms, the original buffer zone was eliminated. The removed tabique wall thermal inertia was also useful, both in winter and summer, to keep the indoor temperature more stable. The balcony would also act as a sunspace in winter, increasing the solar heat gains, and as a buffer space, reducing heat losses. In summer, with the windows open, the glazed balcony will work as a shading device for the building walls.



The floor area of this kind of building is small for current living standards and therefore, during refurbishment operations, the partition walls between the rooms and the glazed balcony were removed to increase the net floor area. Additionally, the traditional materials were replaced by modern industrial materials (e.g., aluminium, steel, and plasterboard). The lack of knowledge on the advantages of using this passive strategy is resulting in the destruction of this vernacular technique that is one of the architectonic identities of Northern Portugal vernacular architecture. Hence, during the renovation of this type of building, it is necessary to take into account the balance between the functional needs of the spaces and the effectiveness of existing passive strategies in order to harmonize them.



Additionally, further studies are needed to complement and corroborate the research presented, to understand better the effectiveness of this strategy, and to disseminate its advantages on improving thermal comfort conditions and reducing the energy needs for heating. Moreover, it is necessary to promote its use in new buildings, since the benefits have also already been discussed in other studies.



Regarding indoor air quality, even after a renovation where the airtightness of the envelope was improved, the concentrations of carbon dioxide in the building did not exceed the most demanding design values for new buildings, according to EN 15251, even when the closed wood-burning fireplace was in operation. The measurements of the radon gas concentrations conducted during a long period without occupation showed average values above the maximum defined by national legislation. During the occupation period and even with low ventilation rates, the radon gas concentration rapidly decreased to acceptable values, thus not harming the occupants’ health. Nevertheless, the need to maintain a minimum hourly air change rate to remove air pollutants and assure a healthy indoor environment must be emphasized.
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Figure 1. Balconies in the vernacular architecture of Beira Alta, Portugal. 
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Figure 2. Case study’s location. (a) country context; (b) Granja do Tedo’s urban layout. 
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Figure 3. Granja do Tedo. (a) Upper part; (b) lower part. 
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Figure 4. Granja do Tedo’s context. (a) Aerial view with terrain relief (Google Earth); (b) Tridimensional model of the terrain showing the solar exposure at 9:30 a.m. on the winter solstice (case study location marked in red). 
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Figure 5. Geological map of Granja do Tedo area (adapted from [38]). 
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Figure 6. (a) Köppen-Geiger Climate Classification for Portugal; (b,c) Average mean temperature in winter and summer; (d) Average number of days with minimum temperature ≤0 °C in winter (adapted from [39]). 
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Figure 7. External views. (a) southwest and southeast façades; (b) northeast and west facades. 
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Figure 8. Floor plans showing the location of measuring instruments (1—living room/kitchen; 2—bedroom; 3—bedroom with balcony; 4—bathroom). 
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Figure 9. (a) Kitchen view; (b) bathroom view; (c) bedroom with balcony; (d) closed wood-burning fireplace; (e) removable ventilation net; (f) smoke exhaust by the roof. 
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Figure 10. Schematic section of the glazed balcony operation. (a) Winter solstice; (b) Summer solstice. 
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[image: Energies 13 00624 g010]







[image: Energies 13 00624 g011 550] 





Figure 11. Autumn monitoring: (a) Indoor and outdoor air temperature profiles; (b) Indoor and outdoor air relative humidity profiles. 
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Figure 12. Adaptive comfort chart during a representative autumn day: (a) Thermal comfort temperature (operative temperature) in the living room/kitchen; (b) Thermal comfort temperature (operative temperature) in the bedroom/balcony for open curtains (red dot) and closed curtains (blue dot). 
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Figure 13. Winter monitoring: (a) Indoor and outdoor air temperature profiles; (b) Indoor and outdoor air relative humidity profiles. 
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Figure 14. Adaptive comfort chart during a representative winter day: (a) Heating system OFF—Thermal comfort temperature (operative temperature) in the living room/kitchen; (b) Heating system ON—thermal comfort temperature (operative temperature) in the living room/kitchen. 
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Figure 15. Adaptive comfort chart during a representative winter day. Thermal comfort temperature (operative temperature) in the bedroom/balcony. 
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Figure 16. Spring monitoring: (a) Indoor and outdoor air temperature profiles; (b) Indoor and outdoor air relative humidity profiles. 
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Figure 17. Adaptive comfort chart during a representative spring day: (a) Thermal comfort temperature (operative temperature) in the living room/kitchen; (b) Thermal comfort temperature (operative temperature) in the bedroom/balcony. 
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Figure 18. Summer monitoring: (a) Indoor and outdoor air temperature profiles; (b) Indoor and outdoor air relative humidity profiles. 






Figure 18. Summer monitoring: (a) Indoor and outdoor air temperature profiles; (b) Indoor and outdoor air relative humidity profiles.
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Figure 19. Adaptive comfort chart during a representative summer day: (a) Thermal comfort temperature (operative temperature) in the kitchen/living room; (b) Thermal comfort temperature (operative temperature) in the bedroom/balcony. 
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Figure 20. Concentrations of radon in the living room/kitchen during the winter period. 
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Table 1. Location and characteristics of measurement equipment used.
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	Equipment
	Specifications, Measurement Range and Accuracy
	Location





	Thermal microclimate station (model Delta OHM 32.1)

 [image: Energies 13 00624 i001]
	Probes installed:

1. Globe temperature probe Ø150 mm (range from −10 to 100 °C);

2. Omnidirectional hot-wire probe for wind speed measurement (range from 0 to 5 m/s);

3. Combined temperature and relative humidity probe (range from −10 to 80 °C and 5–98% RH);

4. Two-sensor probe for measuring natural wet bulb temperature and dry bulb temperature (range from 4 to 80 °C).
	Living room/kitchen and bedroom with balcony



	Thermo-hygrometer and datalogger (Klimalogg Pro, TFA 30.3039.IT) + Wireless thermo-hygrometer transmitters (model TFA 30.3180.IT) connected to the datalogger

 [image: Energies 13 00624 i002]
	Datalogger:

	
Temperature accuracy of ±1 °C and a measuring range between 0 and 50 °C with 0.1 °C resolution;



	
Relative humidity accuracy of± 3% and measuring range between 1 and 99% with 1% resolution.



	
Transmitters:



	
Temperature accuracy of±1 °C and measuring range between 39.6 °C and +59.9 °C with 0.1 °C resolution;



	
Relative humidity accuracy of± 3% and measuring range of 1–99% with 1% resolution.





	Datalogger: Living room/Kitchen Transmitters:

Bedrooms, Bathroom



	Thermo-hygrometers (Testo AG, model Testostor 175-2)

 [image: Energies 13 00624 i003]
	
	
Temperature accuracy of ±0.9 °C and a temperature measuring range between −10 °C and +50 °C, with 1 °C resolution.



	
Relative humidity measuring ranges from 0 to 100%, with a resolution of 1%.





	Outdoor



	Multifunction climate measuring instrument with the IAQ probe for CO2 and absolute pressure (Testo AG, Testo 435)

 [image: Energies 13 00624 i004]
	Probe for ambient CO2:

	
Measuring range from 0 to 10,000 ppm.



	
Accuracy ± (75 ppm ± 3% of mv) (0 to +5000 ppm) ± (150 ppm ± 5% of mv) (+5001 to 10,000 ppm).





Absolute pressure:

	
Measuring range from +600 to +1150 hPa.



	
Accuracy of ±10 hPa.





	All rooms



	Determination of radon content using a portable ATMOS 12 PDX sensor

 [image: Energies 13 00624 i005]
	Instrument:

	
Measurement operation (Temperature range from 0 to 50 °C; Humidity range from 0 to 90%).



	
Pulse counting ionisation chamber.



	
10% standard deviation at 800 Bq/m3 and 10 min measurement time.



	
Upper limit for radon gas content detection is 100,000 Bq/m3;



	
Air pump for continuous flow of 1.4 l/min. Airflow through the chamber 1.0 l/min.



	
Memory with capacity for 28 days of time distribution and 20 energy spectra;



	
10 min interval measurements (it allows 1, 5, 10, 30 min and 1, 8, 24 h).





	Living room/kitchen










[image: Table] 





Table 2. Characteristics of the building envelope.






Table 2. Characteristics of the building envelope.





	Envelope Element
	Materials
	U-Value (W/(m2·°C)





	External walls
	Granite (50–55 cm)
	2.87 [40]



	Ceiling (in contact with ventilated roof)
	Ceiling with timber structure with 4 cm of extruded polystyrene (XPS)
	0.84 [41]



	Doors
	Wood
	2.15 [41]



	Windows
	Wooden single glazed windows, indoor wooden shutters
	3.40* [41]



	Windows (balcony)
	Wooden single glazed sash windows, indoor opaque curtains
	4.30* [41]



	Balcony (lower part)
	Timber frame (double wooden panel) (10 cm)
	1.70 [41]







* Uwdn—day–night thermal transmittance coefficient, including the contribution of the shading systems.
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Table 3. Building occupancy profile.






Table 3. Building occupancy profile.





	
Season

	
Use and Description






	
Autumn

	
Heating/Cooling

	
The closed wood-burning fireplace was in operation.




	
Ventilation

	
The windows remained closed.




	
Shading

	
The curtains were usually opened in the morning (around 9:30 a.m.) and closed at night.




	
Winter

	
Heating/Cooling

	
The closed wood-burning fireplace was in operation from 6:00 p.m. until 12 p.m.




	
Ventilation

	
Sporadic opening of windows for ventilation.




	
Shading

	
The curtains were usually opened during the day and closed during the night.




	
Spring

	
Heating/cooling

	
No cooling system was used.




	
Ventilation

	
Daily opening of the window for ventilation (8:30 a.m. to 6:30 p.m.).




	
Shading

	
The curtains were usually opened during the day and closed during the night.




	
Summer

	
Heating/cooling

	
No cooling system was used.




	
Ventilation

	
The windows were open day and night. Mosquito nets were placed in the windows to allow for ventilation during night time.




	
Shading

	
The bedroom/balcony curtains remained open in the morning only until the direct sun passes through the window (around 1:00 p.m.).
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Table 4. Comparison between outdoor and indoor air temperatures and relative humidity values during autumn.
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Autumn




	
Place/Room

	
Outdoor

	
Kitchen/Living Room

	
Bedroom/Balcony

	
Bedroom

	
Bathroom






	
Temperature (°C)




	
Mean

	
10.1

	
12.1

	
12.6

	
11.5

	
11.5




	
Maximum

	
24.6

	
14.3

	
18.9

	
15.2

	
16.4




	
Minimum

	
−0.3

	
9.2

	
6.5

	
8.5

	
6.6




	
Relative Humidity (%)




	
Mean

	
84.1

	
75.7

	
72.5

	
78.9

	
77.9




	
Maximum

	
96.8

	
79.0

	
79.0

	
82.0

	
85.0




	
Minimum

	
32.3

	
67.0

	
60.0

	
69.0

	
70.0
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Table 5. Comparison between outdoor and indoor air temperatures and relative humidity values during the winter.
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Winter




	
Place/Room

	
Outdoor

	
Kitchen/Living Room

	
Bedroom/Balcony

	
Bedroom

	
Bathroom






	
Temperature (°C)




	
Mean

	
4.6

	
6.4

	
7.4

	
6.0

	
6.1




	
Maximum

	
20.9

	
8.0

	
15.7

	
8.2

	
12.8




	
Minimum

	
−4.0

	
5.2

	
3.0

	
4.2

	
3.1




	
Relative Humidity (%)




	
Mean

	
77.8

	
75.5

	
68.8

	
79.4

	
74.5




	
Maximum

	
95.2

	
80.0

	
76.0

	
83.0

	
85.0




	
Minimum

	
14.7

	
68.0

	
58.0

	
77.0

	
63.0
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Table 6. Comparison between outdoor and indoor air temperatures and relative humidity values during the spring.
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Spring




	
Place/Room

	
Outdoor

	
Kitchen/Living Room

	
Bedroom/Balcony

	
Bedroom

	
Bathroom






	
Temperature (°C)




	
Mean

	
16.0

	
15.2

	
18.1

	
17.2

	
17.9




	
Maximum

	
34.2

	
19.2

	
28.9

	
24.0

	
28.7




	
Minimum

	
3.8

	
13.2

	
11.0

	
13.5

	
12.4




	
Relative Humidity (%)




	
Mean

	
65.9

	
70.3

	
59.6

	
67.4

	
60.4




	
Maximum

	
92.8

	
78.0

	
72.0

	
77.0

	
74.0




	
Minimum

	
11.3

	
62.0

	
46.0

	
47.0

	
43.0
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Table 7. Comparison between outdoor and indoor air temperatures and relative humidity values during the summer.
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Summer




	
Place/Room

	
Outdoor

	
Kitchen/Living Room

	
Bedroom/Balcony

	
Bedroom

	
Bathroom






	
Temperature (°C)




	
Mean

	
23.7

	
24.1

	
26.8

	
26.8

	
27.1




	
Maximum

	
39.1

	
26.2

	
35.0

	
31.0

	
35.2




	
Minimum

	
12.4

	
21.4

	
19.6

	
22.7

	
21.5




	
Relative Humidity (%)




	
Mean

	
54.1

	
51.8

	
46.0

	
48.1

	
46.5




	
Maximum

	
89.4

	
63.0

	
64.0

	
60.0

	
65.0




	
Minimum

	
13.8

	
35.0

	
27.0

	
30.0

	
28.0
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Table 8. Classification of indoor air quality in representative rooms.






Table 8. Classification of indoor air quality in representative rooms.





	
Carbon Dioxide (CO2) Concentration




	
Season

	
Place/Room

	
Concentration (ppm)

	
Difference above Outdoor

	
Category *

	
Pressure (hPa)






	
Autumn

	
Outdoor

	
496

	
-

	
-

	
975.3




	
Kitchen/Living room

	
797

	
301

	
I




	
Bedroom/Balcony

	
725

	
229

	
I




	
Bedroom

	
1210

	
714

	
III




	
Bathroom

	
686

	
190

	
I




	
Winter

	
Heating OFF

	
Outdoor

	
450

	
-

	
-

	
974.7




	
Kitchen/Living room

	
589

	
139

	
I




	
Bedroom/Balcony

	
915

	
465

	
II




	
Bedroom

	
596

	
146

	
I




	
Bathroom

	
641

	
191

	
I




	
Heating ON

	
Kitchen/Living room

	
725

	
275

	
I

	
-




	
Bedroom/Balcony

	
642

	
192

	
I




	
Bedroom

	
730

	
280

	
I




	
Bathroom

	
720

	
270

	
I




	
Spring

	
Outdoor

	
483

	
-

	
-

	
982.8




	
Kitchen/Living room

	
620

	
137

	
I




	
Bedroom/Balcony

	
492

	
9

	
I




	
Bedroom

	
555

	
72

	
I




	
Bathroom

	
560

	
77

	
I




	
Summer

	
Outdoor

	
405

	
-

	
-

	
977.4




	
Kitchen/Living room

	
680

	
275

	
I




	
Bedroom/Balcony

	
610

	
205

	
I




	
Bedroom

	
520

	
115

	
I




	
Bathroom

	
480

	
75

	
I








* classification according to EN 15251 standard.
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